Interaction of plant growth promoting microorganisms (PGPMs) with plants involves interplay at physical, physiological and molecular levels. Proliferation and root colonization of PGPMs manipulate the rhizosphere to optimize plant functions. This benefits plant by nutrient enrichment and induction of plant vigor and defense system. The present work aims to decipher the rhizosphere modulations promoted under different fertilization regimes by an organic acid producing Trichoderma koningiopsis strain (NBRI-PR5).
Introduction
Unavailable pool of nutrients in soil can be made available to plants in a sustainable way by using beneficial microorganisms. Application of various plant growth promoting microorganisms (PGPMs) are source of nutrients such as nitrogen and phosphorus in plants. All these processes take place in the plant's rhizosphere. The root exudates are widely known to shape the rhizosphere diversity and affect rhizosphere colonization of the bioinoculants [1] [2] [3] . Furthermore, the composition of a plant's exudates depends upon many factors such as its physiological status [4] , soil properties [5] , fertilization practices [6] and microorganisms [7] . These factors and interactions in turn affect the microbial populations, plant health and productivity. Proliferation of the PGPMs regulates aspects of each other's behavior by manipulating the microbiome to optimize plant functions by reducing disease susceptibility, abiotic stress, and increasing nutrient availability and yields [8] [9] .
Chickpea (Cicer arietinum L.) is a prime pulse crop grown widely in the semi-arid regions of India. However, its productivity is low as compared to its potential yield due to imbalance and non availability of nutrition in soils of these regions. Chickpea responds positively with increased yield to application of P or P solubilizing microbes and other organic and/or inorganic amendments [10] [11]. Therefore, chickpea was selected as the host plant in this study.
Trichoderma, an effective biological control agent for soil borne plant diseases, acts by various antagonistic mechanisms and boosts yield and quality of produce [12] [13] [14] . Trichoderma can grow on different substrates due to its metabolic versatility and therefore, it is easily colonized in rhizosphere of various plants. Many Trichoderma strains acidify their surrounding environment by secreting organic acids and solubilizing phosphates, micronutrients and mineral cations including K, Fe, Mn and Mg [12] [15] . Soils where these cations are deficient, addition of Trichoderma, results in bio-fertilization by means of metal solubilization increasing crop productivity. Therefore, it is an alternative for reducing usage of chemical fertilizers and pesticides. For this purpose the Trichoderma based formulations is increasingly being applied alone or along with organic or inorganic fertilizers under integrated nutrient management practices [16] . The T. koningiopsis strain NBRI-PR5 (NBRI-PR5) used in this study was selected for its ability to solubilizing P mediated by organic acids production.
The study examined the effects of NBRI-PR5 application when applied in different combinations of different organic and inorganic fertilizers. The effects were observed on overall plant growth promotion, rhizosphere soil microbial Open Journal of Soil Science populations and enzyme activities. We, furthermore, explored the possibility of natural plant-microbiome modulation in presence of NBRI-PR5 to improve plant growth under integrated nutrient management practices. The profile of organic acids in root exudates of the different treatments, differed by the appearance of many small unknown peaks.
Material and Methods

Microorganisms Used and Growth Conditions
Trichoderma koningiopsis strain NBRI-PR5 (GenBank accession No JN375992) was used as the P solubilizing and organic acid producing strain. NBRI-PR5 was isolated from rice plant collected from fields near Lucknow (26.30˚ and 27.10˚N latitude and 80.30˚ and 81.13˚E longitude). It was selected for the present study after screening of 33 Trichoderma isolates for P solubilization and biological control of soil borne fungal pathogens (data not given).
Organic Acid Production by NBRI-PR5
Organic acid production by NBRI-PR5 was estimated in modified Trichoderma selective medium (MTSM) derived from TSM [17] ) and NBRIP-BPB medium [18] ). MTSM contained (per liter): Glucose, 4 g; MgSO 4 •7H 2 O, 0.2 g; KCl, 0.15 g; NH 4 NO 3 , 1.0 g; Ca 3 (PO 4 ) 2 , 5 g; pH 6.5 ± 0.2. For qualitative studies bromo-phenol blue (BPB) dye, 0.025 was added to the media. NBRI-PR5 was inoculated in 50 ml MTSM-BPB broth and incubated at 30˚C on rotary shaker at 150 rpm. Change in dye color compared to the un-inoculated control was recorded for ten days. For determination of organic acid production through HPLC, 0.5 ml NBRI-PR5 spore suspension (10 6 CFU/ml) was inoculated in 50 ml MTSM broth and incubated at 30˚C on rotary shaker at 100 rpm. The culture filtrate from MTSM after 7th days of Trichoderma growth was used for HPLC analysis of organic acids.
Plant Test
A pot experiment with chickpea was setup in net-house at CSIR-NBRI, Lucknow. Earthen pots, in six replicates were filled with six kg soil and four seeds per pot were sown. Commercially available NPK (20:60:20) was used in two doses, recommended (NPK100%) and half of the recommended (NPK50%) [19] . In FYM treatments soil was mixed with FYM in 3:1 ratio (FYM100%) and 6:1 in FYM50%. The FYM was commercially procured from a dairy farm. The treatments included 1) un-inoculated control (Cont) 2) NPK100% 3) NPK50% 4) FYM100% 5) FYM50% 6) NPK50% + FYM50% 7) NBRI-PR5 8) NPK100% + NBRI-PR5 9) NPK50% + NBRI-PR5 10) FYM100% + NBRI-PR5 11) FYM50% + 
Soil Microbial Population
Viable microbes present in the soil samples were determined by standard dilution-plating procedure on selective media [20] . Dilutions of the soil sample were made in sterile saline (0.85% saline) and spread plated in three replicates on various media specific to culture different microbes. After incubation at 28˚C the microbial colonies were counted for up to 7 days. 
Soil Enzymatic Activities
Enzyme activities were determined in freshly grounded and sieved (<2 mm) soil samples from rhizosphere region in triplicate. Soil adhering to the up-rooted plants were pooled and divided into three portions and used as replicates for all the parameters. Dehydrogenase activity (DHA) was assayed by the reduction of 2, 3, 5-triphenyl tetrazolium chloride (TTC) and expressed in µg triphenyl formazan (g•sample)
-1
•h -1 [21] . Protease activity (PA) was quantified by determining the amount of amino acids released after incubation of the sample with Na-caseinate for 2 h at 50˚C using Folin-Ciocalteau reagent, and the result was expressed in l g tyrosine (g•sample)
•(2•h) -1 [22] . Alkaline phosphatase and acid phosphatase activity were determined on the basis of released quantity of P-nitrophenol after incubation of sample with pNPG solution for 1 h at 37˚C [23] . Colorimetric determination of urease activity was carried out at 690 nm absorbance following the method of [24] .
Organic Acid Analysis
Organic acids were analyzed in the root exudates. The whole plant was uprooted and excess soil was washed using SDW. Root exudates were extracted by placing the intact plant roots in aerated SDW (double distilled) for 6 hours as described by [25] . The extracted exudates from the three plants were pooled and used directly for analyses after passing through 0.2 µm filter. The exudates were stored at −20˚C until use.
Crude culture filterate of Trichoderma and root exudates were analyzed for the presence of organic acids following [26] . HPLC analyses were conducted by reversed phase chromatography on a 250 mm × 4.6 mm i.d., 5 µm particle C-18
Column, having a UV detector from Cyberlab (Salo Terracce, Millsbury, USA). The mobile phase consisted of 25 mM KH2PO4, pH 2.5 and methanol (7%).
Flow rate of the mobile phase was 1.0 ml•min −1 and volume injected was 20 μl.
Organic acid standards were obtained from Sigma; solvents were of HPLC grade. Standards used were 100 µg•ml −1 of citric, Fumaric, oxalic and tartaric acid; 500 µg•ml −1 succinic acid and 1000 µg•ml −1 malic acid.
Statistical Analysis
Arithmetic means (±SE) of results for each treatment are given throughout the paper. Using SPSS 16.0 (SPSS Inc.) results were compared by performing two way analysis of variance (ANOVA) and Turkey's Test at P = 0.05 for plant test and microbial data.
Results
Organic Acids Production
The organic acid production by NBRI-PR5 was qualitatively indicated in MTSM broth by de-colorization of BPB dye (Figure 1(a) ). The HPLC analysis of organic acids produced by NBRI-PR5 was estimated in-vitro using the MTSM after seven days of inoculation. Chromatogram of the organic acid standards is given in Figure 1 
Plant Test
A pot experiment with chickpea inoculated by the organic acid producing Trichoderma, NBRI-PR5, was setup with organic and inorganic amendments to study the effects brought about in the rhizosphere due to NBRI-PR5 inoculation.
Plant Growth Promotion
The pot experiment shows an overall improvement in the plant growth in presence of NBRI-PR5 irrespective of the organic and inorganic amendments. Effect of NBRI-PR5 application was evident in the plant growth parameters (Table 1 ).
All the treatments inoculated with NBRI-PR5 with or without amendments showed higher root and shoot length (~11% -65% and 12% -48% respectively) and biomass (~20% -50% shoot dry weight) as compared to the control. NBRI-PR5. This was probably due to nutrient enrichment in these treatments, which delayed the maturity.
Rhizospheric Microbes
Differences were observed in the heterogeneous population of bacteria, actinomycetes, fungi and Trichoderma in response to NBRI-PR5, NPK and FYM application ( Table 2) . Application of NPK reduced bacterial and actinomycetes population by 2 log10 units as compared to the control (Table 2) to maintain its population in compliance with the rhizosphere property and also reshape the rhizosphere microbiome differently in different conditions.
Enzymes in Rhizosphere Soil
Soil enzymes activity gives information about biological characteristic of the soil. 
Organic Acids Production in Rhizosphere
The rhizosphere soils show pH lowering as compared to the initial bulk soil (pH 6.8) used in the experiment (Table 1) . Organic acid profile of root exudates, the source of organic acids in rhizosphere from different treatments along with control and standards (oxalic acid and malic acids) is given in Figure 3 . Some of the peaks (Figure 3 (a), Figure 3(d) , black arrows), were found absent from NPK and FYM amendments. The citric acid peak present in the NBRI-PR5 and the NPK100% treatment was absent from the PR5 + NPK100% and all the NPK50%
treatments. An unidentified prominent peak at about 12.9 min RT was observed in the FYM50% + PR5. Malic acid produced in control rhizosphere was maintained in all the treatments without NBRI-PR5, while all the NBRI-PR5 treatments showed decreased malic acid production.
Discussions
Perturbations due to the agricultural management practices, such as mineral fertilisation or organic matter amendments generally affect the microbial communities and these changes in microbial composition usually prevail over time [27] . Effects of such perturbations on application of the different NPK and FYM doses were observed on the microbial communities. The results show an overall gain in the plant growth/yield in all the NBRI-PR5 treatments as compared to the corresponding treatments without NBRI-PR5. Based on yield as indicator, the most competent combination appeared to be NBRI-PR5 + NPK50%, over other amendments. Considering the soil health in terms of microbial activity, FYM treatments were observed to be the best amendments.
Under in-vitro conditions organic acids increased in presence of insoluble P (TCP) as compared to the control (soluble P), indicating presence of an inducible system for P solubilization. Reference [28] has reported production of organic acids including citric acid, lactic acid and succinic acid by Trichoderma strains under in vitro conditions. The ability of the NBRI-PR5 to produce organic acids was regulatory on the alkaline phosphatase activity and dominance Open Journal of Soil Science of fungi in the NBRI-PR5 treatments. Reference [29] has reported enhanced production of malic acid, oxalic acid and citric acid in cucumber root exudates in presence of P solubilizing Trichoderma. The inhibitory effect of chemical fertilizers on rhizosphere microflora was evident from least bacterial CFU observed in the NPK100% as compared to the NPK50% and other treatments. NPK has been reported to lower soil pH in agricultural lands and exert harmful effects [30] . Availability of NPK in NPK100% treatment showed minimum protease activity due to presence of the nutrients. An increased protease activity in presence of the FYM, with or without NBRI-PR5, shows the need to degrade the organic matter for availability of essential nutrients. Similarly, [31] have reported enhanced protease activity in response to added C as compared to N. Being a rhizosphere colonizer Trichoderma are able to influence plants' physiological and biochemical status and affect their rhizosphere [32] . The NBRI-PR5 fatefully modulated rhizosphere activities by inflecting the enzyme activities. Soil microbes, flora and fauna, living or dead are the sources of soil urease [33] ; in NPK100% + PR5 treatment, NBRI-PR5 improved NPK metabolism by increasing the urease activity to yield high root and shoot dry weight as compared to NPK100%. In treatment NPK50% + PR5, NBRI-PR5 increased the efficiency of roots in nutrient uptake such that the shoot: root ratio increased In the FYM100% and FYM100% + PR5 treatments, opposite trends in DHA and protease enzyme activities show that NBRI-PR5 has reframed microbial activities from assimilative into digestive by increasing protease activity and decreasing DHA activities, to facilitate nutrient uptake in plants rather than fixing in the microbes. Dehydrogenases are intracellular enzymes occurring in all living microbial cells and are therefore, important indicator of overall soil microbial activity [34] . Highest DHA activity in the FYM treatment followed by other treatments with FYM corresponds with the role of DHA in the biological oxidation of soil organic matter by transferring hydrogen from organic substrates to inorganic acceptors under aerobic and anaerobic conditions respectively [35] . The high DHA in presence of FYM suggests presence of anaerobic conditions probably due to formation of anaerobic pockets in the soil by retaining moisture for a longer time [36] [37]. It was observed that while NBRI-PR5 did not disturb the natural DHA activity, it drastically decreased in NBRI-PR5 + NPK100% indicating unrecoverable role of organic carbon in soil, irrespective of the microbial amendments. In treatments with NPK50% + FYM50% and NPK + FYM + PR5 no clear differences were observed in most of the parameters, except an increase in the protease activity with NBRI-PR5. It appeared that application of both NPK and FYM resulted in quenching of NPK by the FYM microflora, reducing the nutrient availability to plants. However, the treatment induced lateral root formation which is supported by earlier report of improved root growth and yield in peanuts using NPK + FYM treatment [38] . The differences in soil enzymes show shift in functions and also composition of the microbial populations. Therefore, the results manifest that the amendments during integrated nutrient management affect the ecology and functions of coherent functional groups formed in the rhizosphere. Reference [39] reported modulation of such coherent rhizosphere PGPRs communities in response to inorganic and organic amendments. Reference [40] highlighted the growing interest to remodel the rhizosphere micro-biome promoting microorganisms that improve plant productivity. Similarly [8] suggested plant microbiome engineering by modulating root exudation, crop rotation, application of microbes secreting signaling compounds such as phyto-hormones, extracellular enzymes, organic acids, plant defense inducing surface factors, antibiotics, volatile signals and quorum sensing molecules and application of organics.
Conclusion
The study shows the ability of Trichoderma koningiopsis strain NBRI-PR5 to adapt to different rhizosphere conditions by modifying the rhizosphere activities Trichoderma koningiopsis isolate NBRI-PR5 may be used with different agricultural practices and crops to improve the availability of nutrients for better crop production.
